The study was undertaken to check the eect of 3D sound recording and reproduction methods on performance in localization of sound source by the visually impaired and normally sighted subjects. The performance was evaluated on the basis of the ability to identify the direction from which the sound comes and the direction of its propagation. The experiment involved a test in which the subjects were exposed to sounds reproduced by two methods of spatial reproduction: binaural (headphones) and Ambisonics (loudspeaker). The binaural recordings were reproduced through two types of headphones, open and closed ones, and the recordings were made with the help of a dummy head. The recordings for loudspeaker reproduction were made with the use of two microphone matrices, Octava and Panasonic. The subjects were adults and children, including blind and VIC. They had otologically normal hearing. The test included realization of three tasks. The rst concerned identication of the direction from which sound has come from an immovable source, a rattle or a drum. In the second and third task, the subjects were asked to indicate the direction of motion of the source of sound (vehicle). For the adults, the method of recording and reproduction of sound had little eect on the test results. For the VIC, a signicant dierence was noted between the results of headphone and loudspeaker exposure, to the advantage of the headphone exposure. The method of binaural recording and sound exposure through headphones seems much more eective for auditory training of VIC.
Introduction
The ability to localize the sound source is very important both for humans and animals. It permits spatial orientation, localization of the site of the sound source, its distance and direction of its motion. The localization of the sound source is made on the basis of comparison of information reaching both ears, i.e. interaural time dierences and interaural intensity dierences. It is also possible to localize the sound source on the basis of the information reaching only one ear (monaural information) [1, 2] . In literature, the term lateralization has also been used to describe the identication of site of the source of sound exposure through headphones in which the sound plan is usually imagined inside the head. In our study, although we also use the headphone sound exposure, we will use the term localization of sound source. Our argument is that upon presentation of binaural recordings, the sound scene is localized by the listener outside the head, analogously as upon sound exposure through loudspeakers or real sound exposure.
The study has been inspired by the project on development of auditory training of spatial orientation for the blind and visually impaired persons. The ability of spatial orientation is of substantial importance for the visually handicapped individuals improving their functioning * corresponding author; e-mail: furmann@amu.edu.pl The Eect of Sound Reproduction Method. . .
989
that the listener has an impression of being at the site of recording. From the physical point of view, the listener gets to his/her ears through the headphones a signal identical to that he/she would get if he/she was at the site of recording [6] . Considering the acoustic wave reaching the listener as an input signal to some system and the signal received at the tympanic membranes as the output signal, head and ears can be treated as a system of the self-tuning lters connected to a common input. Selftuning can be understood in such sense that the lters automatically superimpose on the signal a transfer function depending on the angle at which the wave reaches the system of head and ears. Transfer functions of the two lters are usually dierent. Hence, besides the monaural information provided to each ear, also binaural information in the form of interaural dierence between the signals reaching each tympanic membrane is provided.
Since the linear distortions introduced by the two lters are highly dependent on the direction and angle of incidence, the temporal and spectral information on the [6] . Moreover, the method can be applied only for the sound exposure through headphones which means that the listener cannot turn the head towards the virtual sound source and hears the spatial sensation only in the way it has been recorded. However, listening through headphones is relatively cheap and is not restricted to one room with a sound installation.
Ambisonics
Another method of sound presentation to the listener in such a way that the signals perceived would simulate certain impressions allowing estimation of a distance of the source of sound and its direction involves the use of loudspeakers. There are some loudspeaker methods aimed to simulate spatial acoustic impressions, e. g.
amplitude dierence stereophony (intensity stereophony) [7] , vector-base amplitude panning (VBAP) [8] , 5.1-Surround [9] , synthesis with spherical harmonics (ambisonics) [10] , synthesis by means of boundary method (wave-eld synthesis, (WFS)) [11] , and binaural-cue se- 
Test signals, registration and reproduction, listening tests, and sub jects
The experiments were performed with the sounds generated by immovable and moving sources.
Test signals
When working with immovable sound sources, the goal was to ensure the reproducibility of signals. The sounds of two simple instruments, a rattle-box and a drum, were recorded. These sounds dier considerably in the spectral composition ( 
Binaural method
The sound les were recorded by the dummy head in the stereo format *.wav, 24-bit, 44 100 Hz. Then the les were arranged into a test and a voice of a lecturer giving instructions was added. For binaural sound presentation, open headphones Sennheiser HD 600 and closed headphones Bayerdynamic DT 150 were used.
Ambisonics
Two microphone matrices with dierent transducers were used, hence they had dierent sizes. The rst matrix was constructed by the authors of Panasonic WM-55A103 electret microphones.
The transducer capsules were joined by their back rims so that their fronts made a basis of a virtual regular tetrahedron (Fig. 2a) . The preamplier containing an electronic system was constructed. It realized mathematical operations needed for Ambisonics so that at the output of the preamplier the signal was obtained in the B-format, so in the form desired.
The second matrix ( The subjects were 9 adults (NSA), 9 children with normal eyesight (NSC), and 8 visually impaired children (VIC) of dierent degree of disability. The children were from 13 to 15 years of age. All subjects had otologically normal hearing.
Results and discussion
The eect of the signal used, the method of sound reproduction, and directions of sound presentation on the eectiveness of localization of sound source by the groups of subjects in particular tasks is illustrated by the results presented in Figs. 35. The bars stand for 95% condence intervals and points denote the arithmetic means.
The eectiveness of correct localization is described by the percentage of correct answers. 
Immovable sound sources
In the rst experiment, the subjects were asked to identify the direction from which the sound generated by a stationary (immovable) source had been coming. Statistical signicance in the means of correct answers revealed for groups of subjects compared in the stationary sources localization task is shown in Table I . The analysis of variance of the results of the rst task has shown statistically signicant dierences between all groups of subjects when the sound source was the drum. When the sound source was the rattle-box, no dierences were noted between VIC and the adults (Fig. 3 , Table I ).
Next, the eect of the method of recording and reproduction of signals was tested, and the results are given in Fig. 4a and Table I . The most pronounced dierences between the groups of subjects were noted when the sound was reproduced through closed headphones. The best results were obtained by the VIC, while the poorest by children with normal eyesight (Fig. 4a) . No statistically signicant dierences between the groups of subjects were noted when reproducing sound recorded by the Octava matrix (Table I) . When the sound recorded by the Panasonic matrix was reproduced, no dierences were fund between the children with normal eyesight and the VIC.
Analysis of the inuence of the method of sound recording and reproduction on the eectiveness of sound source localization inside the groups was also made, and the results are presented in Fig. 4a and Table III. In the 
Single vehicles
In the second task, the subjects were asked to identify the direction of motion of a single car and the vehicle location with respect to the listener. Statistical signicance in the means of correct answers revealed for the groups of subjects compared in the task with a single moving vehicle is shown in Table II . As follows from the analysis of variance, statistically signicant dierences were obtained between the children with normal eyesight and the adults (Fig. 3 , Table II ). No dierences were noted between the normal eyesight children and VIC as well as between the adults and VIC.
In general, besides the sounds recorded by the Octava matrix, the normal eyesight children got the same result as the adults (Fig. 4b , Table II (Fig. 4b) . When the sound was recorded by the Octava matrix and reproduced by loudspeakers, the best results were noted for adults.
The most pronounced inuence of the method of sound recording and reproduction was noted in the VIC. This inuence was much smaller in children with normal eyesight and no inuence was observed for the adults (Fig. 4b , Table III (Fig. 5b ).
Two vehicles
In the third task, the subjects were asked to identify the directions of motion of two motor vehicles moving simultaneously. Statistical signicance in the means of correct answers revealed for the groups of subjects compared in the task with two moving vehicles is shown in Analysis of correct answers given by particular groups depending on the method of sound event recording and reproduction revealed that the results obtained by the VIC were the same as those obtained by the adults, irrespective of the method (Fig. 4c , Table II ). The children with normal eyesight got worse results than the VIC on sound presentation via headphones and worse results than adults on sound presentation via loudspeakers (Fig. 4c) .
Analysis of the eect of the method of sound recording and presentation on correctness of answers in particular groups showed that in each group, the sound presentation via headphones gave better results than the presentation via loudspeakers (Table III, Fig. 4c ).
In the task aimed at identication of direction of motion of two vehicles, all groups gave the same percentage of correct answers when one car was moving on the left hand side from the back to the front and the other car was moving on the right hand side from the front to the back (Fig 5c, Table II ). The best results in the group of adults were obtained when one car was moving in front of the listener from right to left and the other behind the listener from left to right (Fig. 5c ). The children with normal eyesight had the most problems with correct identication of directions of motion of two vehicles.
The group of VIC got the best results when one car was moving on the left hand side from the front to the back and the other on the right hand side from the back to the right.
Conclusions
Analysis of the above-presented results has allows to draw the following conclusions. 3. For the group of children with normal eyesight, statistically signicant dierences were found between the methods of recording and presentation in each task. It is impossible to conclude which method was the best and which the worst as, depending on the task, the eect of the method was dierent.
4. The subjects found it easier to identify the direction of car motion than the direction of sound from immovable source and to identify the direction of motion of single cars than two simultaneously moving cars.
5. The method of binaural recording and sound presentation through headphones seems to be better for the spatial orientation training on the basis of sounds for the VIC.
